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NUCLEATION AND GRAIN GROWTH IN INTERSTELLAR SPACE
A
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1. INTRODUCTION:

There have been a number of suggestions to‘explain the
processes by which interstellar grains may form. The first
detuwiled studies Were done by a group of Dutch astronomers
in che 1940's (Oort and van de Hulst 1946; ter Haar, 1944;
Kramers and ter Haar, 1946; van de Hulst (1946, 1949)). Since
that time very li?tle systematic work on this problem has been
déne until very recently when Hoyle and Wickramasinghe (1962)
inveStigated graphite formation in cool stellar atmospheres,

A few papers in the intervening period briefly explored various
cspects. van de Hulst's paper in 1949 was the culminatioh of
o intensive attack which had considerable influencé on astro=-
nomical thought about interstellar grains.

Somewhat ironically, beginning about 1949 a number of
significant advances in“physics and chemistry having a direct
bearing on this problem were made. In 1949, Frank presented a'
tiieory which expidined how real crystals tend to grow and much
work, theoretical and experimental, haé been done since then

(Hirth and Pound, 1963), Also, starting about 1950, there has
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veen exitensive research in chemical reactions at low tempera-
tures both in-solids and on surfaces (Bass and Broide, 1960).‘ 
It therefore appeared worthwhile to again investigate the origin
of interstellar grains., This paper reports part of the cogtinu;r
ing study. Deveibpments in stcllar'and galactic evolution in-
dicate that a contihuous source of grains is necessary.
Schwartzchild (1958, 1962) estimated the interchange of inter- }
’stéllar material that is needed to explain fthe rate of star
formation and obtained a turn-over time of 109 years., Since

this is short compared with the age of the galaxy, which is of

o0 years, it would mean that the interstellar

the order of 1
material has been pretty well circulated through stars. Priomor-
dial grains that formed at some early stage of the galaxy should
have disappeared., Other destructive processes such as collisions
and passage near hot staré shorten the lifetime further.

This paper deals with the question of nucleation and
subsequent growth in interstellar space. When ter Héar con-
sidered this problem in 1942, the accepted kinetic temperature"’“
for the intersteilar gas was 10,OOOOK. As the '"temperature" !
corresponding to the internal energy of molecules and grains
would be less lOO?K, he was faced with a situation representing
an extreme deviation from thermodynamic,equilibrium. It was
neéessary, therefore, to resort to a mechanistic treatment of

particle formation with all the complications and uncertainties

of such method.




Today we face a different problem because of the recogni-
tion by Spitzer and Savadoff (1950) that extensive low tempera=-
ture regions, with kinetic temperatures near 100°K would occur;

It is in these HI regions wiacere all -temperatures are belom 100°K
that grain formation would take place. Although thermodynamic
equilibrium does not hold exactly, temperature for all degrees
of freedom are sdfficiently close that thermodynamic results

may be expected to yield reasonable answers,

2. NUCLEATION THEORY:

Comprehensive discussions of nucleation theory are given
by Frenkel (1955), Turnbull (1956), and Feder, Russell, Lathe
ard Pound (1966), A more concise treatment including later
developments as well as crystal growﬁh has been presented by
Hirth and Pound (1963).

The rate of nucleation in a vapor is determinded by the
rate at which single molecules add to clusters of critical size
to form stable nuclei, The frequency distribution of clusters
and the condition of stability is determined by the free energy,,j
of formation of a cluster because entropy as well as energy |
changes mﬁst be taken into account. For the frequency distri-

bution one finds:
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. where
v 3
m, = number of clusters of i molecules/cm
m = number of molecules per cm
AGy = free energy of formation of i'th cluster
and
~ - el A G p
LGy = Mll}bf—f—g i Ju
(2)
in equation (2) G  is the surface energy and L6 is the
free energy difference per unit volume of liquid between .the
supersaturated vapor at ambient pressure P and the bulk liquid
at its equilibrium vapor pressure., This is given by:
ACp=— 2T 1 P ()
/U"‘""(.'L WP
J Vv
V/f where 0 = molecular volume
P, = equilibrium vapor pressure of bulk ‘Wf—~7;’
.phase



One of the weak points of the theory is the assumption that
macroscopic thermodynamic properties apply to the small
clusters. " Equation 1-3 hold for crystals as well as drops
when the necessary changes in defining the various quantities

have been made,

Initially, A€/ increases as molecules add to a cluster
with the result that clusters represent unstable fluctuation
that form and decay. Equation 3 shows that the second term
in equation is negative and the free energy of a cluster has

a maximum value obtained by setting
ad b6¢ o
do

This yields the characteristics of the cluster of critical size

for which further growth decreases the free energy. Clusters
ilarger than the critical will not tend to spontaneously decay
and are the condensation nuclei.

Fer the critical parameters we obtain:

i
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and
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The nucleation rate_is the rate at which molecules collide
with and stick to clusters of the critical size. This is -given
by:

- 2 P =~ ACH,
J = & 2 w12 Grmiryr mer E 408 o,

J is the number of nuclei formed per cm2 per sec,C( is a
sticking coefficient and Z represents a ''mon-equilibrium
factor; arising because critical clustérs are reduced from
ﬁheir~equilibriﬁm concentration by the growth of stable nucleii
into droplets or crystallites.

3. INTERSTELLAR NUCLEATION.

Equations 3 ~ 7 show the fundamental role of the super-
saturation ratio, FV?@ in the‘nucleation process, Consequently
we must determine this ratio in the intersteilar medium for all
elements of interest. The partial pressure Pi of the ith

element is given by:

P.= m. kT )

St s g




where m is the interstellar concentration of the element.

Table I displays concentrations, partial pressures at 100°K and

imps

ynet irequencies per cm2 for the more abundant elements and
onserved radicals., Relative abundance are from Suess and Urey
(1956). Uncertainties in their compilation are not sufficient

to affect the results of this analysis,



TABLE I

THE INTFRSTELLAR GAS

ELEMINT  ATOMIC NO, My P,
CONCENTRATION . PARTIAL PRESS IMPACT
(at01ns/cm3 ) (torr.) . FREQUENCY
no/cm‘ sec.
H 1 1 10-17 4 x 10%
He 4 0.1 10718 2 x 10°
o 8 5 x 1074 5 x 10-21 5
Ne 10 2 x 1074 2 'x 10721 2
N 7 2 x 1074 2 x 10721 2
c 6 1075 10721 1
Si 14 3 x 1079 3 x 10722 0.2
Mg 12 2 x.10°° ‘2 x 10722 0.2
Fe 26 2 x 1072 2 x 10722 0.1
S 16 10°% 10~22 .07
Ar 18 3 x 107° 3 x 10723 .03
Al 13 3 x 1070 3 x 10723 .02
Ca 20 1076 1072 .006
Na 11 1076 10-23 .007
Ni 28 107° 10723 .005
CH,CN, 1078 1072° 10™%
OH 107" 10724 1073



The elements to which this calculation applies and whose vapor
pressure we arve interested in are carﬁon and silicon and the
metals which condense directly and do not require no recombin-
ation reactiOnsvfirst. These are all of low volatility and
vapor pressures cannot be measurced aﬁ low temperatures.

Vapor pressures can be calculated theoretically using ca=-
pacities for the solid and molecular energy levels for the
vapor. The procedure is discussed for example by Zemansky
(1957), Siater (1939), Gurney (/9/#9). The resulting equation

for the vapor pressure is;:

”

fo By = = g+ T ]
o R

Where LO = heat of vaporization at 0°K
Cp = gspecific heat of the solid
s
Ci = internal specific heat of gas

(ﬂ—ﬂ*'%i%/ﬁz
A3

i = chemical constant = j&m 3}

- m = molecular mass

gs = statistical weight of molecule

Vapor pressures, listed as equilibrium constants for solid~vapor



Transition, are given in the JANAF Tables (1961 ~ 1965) at

o

O
100° intervals starting at 100 K. The 100°K data is appropri-

ate for an HI region. Vapor pressures P and super~saturation

2

ratio, ¥ = ﬁ%‘ in the interstcllar medium appear in Table II.

TABLE II

INTERSTELLAR PRESSURE AND SUPERSATURATION L

(100°K)
Element log P Ln f’
(d/cmz)
Al —i57 315
C -358 780
K - 35 32
Na - 45 57
Sv -130 250
Si -217 450

In order to find the critical cluster size and number of
atoms from equations 4 and 5 the molecular volume ch”‘and'sur-
face energy § for the elements iunder considefétion are required.

M\
The molecular volume is given by:

M .
Jb = Vs - @0)



where M = atomic weight

N = Avagadro's number (6 x 1023

)

3
S density of bulk material (g/cm )

i

“urface energies are difficult {o measure with high accuracyv
aithough vemults suffieient foy our purpose are available for
some materials (Adamson, 1963; Gilman, 1960; Geguzin and
Ovcharemgo, 1962). Data for carbon is discussed by Ubbelohde
and Lewis (1960) and by Sears (1959). Table III presents thei:

crystal properties for carrying out nucleation calculations.

TABLE III

CRYSTAL PROPERTIES

Element Density

Carbon 12 2.2 10-23 130 ~ 1000
Iron 56 7.9 . 1.2 x 10723 Y /g00o
Silicon 28 2.4 2.0 x 10723 1240 °
Sodium 23 1.0 4 x 10723 150

Zinc 65 7.1 1.5 x 10~23 105

The application of equations 4 and 5 yield r = 1.7 x 10’8.'

for sodium and 4 x 10 = for carbon with O = 1000 erg/cmz. in
each case_/Z*'comes out less than unity. A straightforWard
interpretation would mean that a single atom acts as a nucleus

for continued growth. However, the proper equivaléht of such

w 11l = \

o
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macroscopic properties of matter as surface energy, for clusters

oi a few molecules is one of the stumbling blocks to the develop=~
ment of a rigorous nucleation theory. Although fhe evaluation’fv
of the critical cluster or nucleus is uncertain here, it seems
reasonable to conclude that in interstellar space a nucleus wili
consist of a very small number of atoms. Physically, this comes
about because of the low interstellar temperature which leads to
a very low vapor pressure for the elements. The low temperatureﬂ
also causes all molecular aggregates to have high stability and
independently of an interpretétion as a nucleation process we
expect any diatomic molecules to be stable against.spontaneous
decay. As Kramers and ter Haar showed, the steady state mole-
cular concentration is determined by photodissociation. The

photodissociation probability of the molecules will be approxi-

mately independent of size or even increase for larger molecules

as longer wavelengths tend to be effective (Calvert and Pitts,
1966), This behavior is quite different from the decay of clus=-

ters in nucleation where the decay probability decreases with

size until a critical size is reached corresponding to the stable

nucleus.

Some preliminary estimates of the formation rate of inter-
stellar grains based on the preceding analysis éan be made, At
this stage we might seem to be in the same position as that
from which ter Haar (1942) began his analysis. -However, several
features show this is not actually'the case, By restricting,

-
(
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oursclves to crystal growth without recombination among different
clements we deal only with the heavier elements already indicated.
Secondly, our aggregates are stable molecules undergoing photo-
dissociation not the spontaneously disintergratiﬁg clusters., In
ter Haar's paper, crystalline properties of the clusters play
important roles,. Iﬂ addition to the uncertainties already noted' ﬁ
about using these.macfoscopic properties forx sﬁall clusters,’it
does not appear tﬁat his growth mechanism is consistent in. as-
suming that it would lead to crystalline grains. This point will

be considered later.

4, INTERSTELLAR MOLECULAR PROCESSES

We now examine the kinetics of formation of ﬁure grains
using carbon és a significant illustration. Here again chemical
reactions involving other species are neglected. If recombina-
tion reactions incorporate other atoms the proéess is the al-
ternative mechanism of ter Haaf which will be briefly conSidered.
at the end of this section. Should the reactions rehove carbon,
somewhat akin to the molecular formation process proposed by
Stecher and Williams (1966), the growth raté becomes-even slower
than found here and interstellar formation of crystalline grains
still less likely.

‘Bates and Spitzer obtained a rate coefficient for the
reaction:

¢t + m —> cH + n, (11)

- 13 -



given by (] Q_)
Adtens i

gE - TI0 T MMy

The inclusion of other formation and decay processes yields”
a steady state value of 10710 to 10711 molecules/cm3, TFor
CNf, Krameré and ter Haar estimate a total production in 10
years of 5 x 10"6/cm3 but Bates and Spitzer find those rates
are too high and wouldshave given about 5 x 10"7/cm3. These
numbers neglect'photodissociation and the actual density by
this process must be less., ‘If photodissociation for CN% is
comparable to that for CH+ a steady state density of about
10"14/0m3 is obtained. In the absence of more direct evidence
it is assumed that C, would behave similarly.

A third atom still has a low probability of addipg to a

diatomic molecule as stabilization against rapid dissociation

raiains low (Trotman - Dickenson, 1955). Consequently for the

3

reaction
C, + ¢ = ¢, + hv (13)
d Mey ~
: 10 (Me Me .
Cl "b s (/4)

When four molecules are involved the frequency with which the
newly fcrmed bond attains the recombination energy and can
break becomes comparable to the reciprocal radiative lifetime.

The probability of capture of a fourth carbon is somewhat 1éss

"14" AN



than for normal reaction probabilities and will be about normal

for additional carbon atoms.

For j = 3 we take v
d m 13 | ‘4

S

and for all succeeding reactions

i ™ . ) :
'G ﬂQa.yl*’ 4; [/5)

-1

— , 1z
Jd T
The rate coefficients in equations G and
/o 4 are given by the products 8.0l N7
and C)./‘G’/V“ respectively, where G is the collision

cross section (10"15 cmz) and /V° is the average relative
veliocity (104 km/sec),

The formation rate of a specie containing j atoms is

given by: (
Sl s a | 1§)
S = Mg =Bt =0 4 By Mg

The thare the formation rate coefficients and thefB’s are the
photodissociation rates whose values have been discussed above,
An approximate solution may be obtained for thé_stéady state by
solving each equation sequence starting with the first if the |
last term in each is dropped. It will turn out that the mgjs :
decrease rapidly enough to make this legitimate.

This procedure leads to the following solution for the fh;b

- 15 - '\
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For successively larger molecules the frequency is multiplied
by 10"4 for each additional carbon atom added until the adopted
coecfficients values change. This will probably occur in the
photodissociation procesé and affect Bj which determines the
rate of destruction. Although the building process may well
be more efficient than we obtain here, two neglected factors
make it less efficient. The dissociation will not always
consist of the removal of a single atom. The broken bond in
some fraction of the cases will yield larger fragments than
single atoms. More sigﬁificant is the fact that all elements
to which our mechanism applies will be largely ionized leading
0 a positively charged carbon polymer and a reduction in the
resultant capture rate of additional carbon ions., It follows.
therefore that the uncertainties in the‘caICulations are hardly
likely to yield the required grain densify for conducting
grains which for'an extinction of 1 mag/kpc is about 10"11/cm3,‘

ter Haas implied in his 1942 paper that thé~building
process may éonsist of a sequence of the form:

CaCh »CHYy 2 CH, 0 5C 50 = C iy 4O .
and so on., This is the growth mechanism suggested by Platt
(1956), Platt and Donn {1956) and developed further by Donn
{(1967) which leads to the so-called Platt particle., As this

paper is not considering the general chemical reaction aspects
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O0f inverstellar grains these problems are left for a forth-

coming discussion,

5. STZLLAR SOURCES
Because of the problem of forming grains in interstellar

spaée other sources require consideration.“ A significent
contribution was made by Hoyle and Wickramasinghe (1962) and
discussed here by Wickramasinghe, namely, graphite formation

in cool carbon stars. In commenting on his paper, I pointed
out that the graphite formatiou problem must consider the com-
plete chemical equilibrium in a stellar atmosphere taking all
constituents into accouﬁt. Hydrogen is clearly the most im-
portant. TFortunately, the chemical equilibrium of the CH
system including graphite stability was investigated by Duff
and Bauer (1962)., They included seventy hydrocarbons and
cetermined the temperature at which graphite becomes stable

as a function of C/H ratio for several pressures, These resulfs
are shown in Figure 1, modified from the original diagram fox
better extrapolation. Solid iines are drawn‘through the computed
points and the dashed lines are extrapolated to a C/H ratio 6f |
10-3, adapted by Hoyle and Wickramasinghe, For_a pressure of 3
10'3~atmospheres, the considerable extrapolation yields a sub-
limation temperature of graphite of abhout 21000h$ Prof. Bauer
expressed the bpinion that the pressufe extrapolation should’be

valid, Some time after this symposium, further work (Clarke
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and Fox, 1967) extended the calculations to C/H = 0,008 and
experimentally studied graphite equilibrium in a hydrocarbon
atmosphere, Their theoretical and experimentﬁl results are -
in agreement with the earlier work and our extrapolation,
There is a suggestion that sublimation temperatures wou;d be
greater by somewhat less than 50°,

At a temperature of 2100°K conditions are less favorablek
for graphite formation and the mechanism becomes rather doubt=-
ful. (See, however, the comment following Wickramasinghe'®s
paper concerning a recent detailed analysis of this probiem
by Donn, Wickramasinghe, Hudson and Stecher).

An important feature of the molecular equilibrium in
carbon stars of type N‘is thg array 0f hydrocarbon molecules
and radicals present in the atmosphere. If the observed masS-
ejection for M stdrs exists for carbon.étars also then a signié
ficant quantity of these species is carried into interstellar
space, It is conceivable that they may serve as nuclei for
further growth and that the growth process may compete favor-
.ably with photodeCOmpésition of the molecules, As already
discussed, a molecule of five or more atoms-will add another
with a high probability. Whether this scheme would lead to
graphitic graiﬁs or more nearly ressemble tﬁe composition and
structure of a Platt particle‘is not now clear. In examining :

this problem the possibility of aggregates developing beyond



the normal atmospheric boundry, perhaps in an expanding
envelop needs to be considefed. This entire process will be
considered in greater detail at another time.

it cannot be said that the nucleation problem has been
solved. There are many upcertainties in the present discussion -

and several possibilities have yet to be investigated.

6. CRYSTAL GROWTH
I will conclude with somé brief romarks about particle

growth on a pre-existing nucleus. On the hexagonal or !C? facé'
of a graphite lattice carbon atom bonds are highly saturated‘
and the captured surface atom is nheid by the relatively weak

van de Waal's forces, These noun-lattice atoms would be capable
of diffusing over the suriace, Experiments on the formation

of carbon whiskers (Meyer, 1959) indicates that this does eccur.
A study (Donn, 1965) of thé kinetics of graphite foxmati§n inv
interstellar spaée‘at low temperatures indicates that the captured
atoms becomes trapped at the edge of a 'C' face so that a
platelet or needle would tend to grow, The growth>rate depends
upon the surface area of the grain over which atoms are col-
lected. This produces exponential growth until the size becomes
larger than the mean diffusion'distanqg after whica linear growth
occurs, |

-7
Goowth of a graphite platelet on a 10 cm nucleus is
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shown in Table 2,

TABLE 2

Growth of Graphite Plalelet

Time (years) Radius (em)
H) =1 (H) = 10

107 1077 1076

10° 2076 (1ot)

10° aolhy e

With a density of one hydrogen atom/cm3 practically no change
occurs in 107 years, In lO8 years the grain reach a radius of
10'6 cm and the rate increases very rapidly for greater time
intervals becéuse of the expenential behavior, The figure of
10"4 in parenthesis ih column 2 is obtainéd using the expenential
growth expression and obviously is meanipgless'except to show
how rapidly the size increases once growth begins, Column 3
shows the size attained for the intervals indicated in denser
regions where M(H) = lO/cms.

We see that the change in size is much greater than the -
density increase for grains of 10;6 cm, This(theory can pfovide
for grain size distribution which changes discoﬁtinu0u51y4from
small to large gfains in different regions of the galaxy, These

resultslneglect effects of adsorbed atoms or attack by atomic
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hydrogen and oxygen which may remove carbon atoms.

Finally, I would likc to emphasize a point related to
the question of coating grains e.g. gfaphite cores with ice
Imantles. To have an efficient substrate for condensing a dif-
ferent molecule, the two species should have similar crystal
properties, in particular with regard to crystal étructure and
lattice spacing. Silver iodide has a hexagonal structure |
similar to ice I (normal ice) and is an effective nucleating
agent for ice., A solution of silver idodide was cooled under
sufficient pressure such that ice III was the stable phase
(Evans, 1965). Howéver ice I was again obtained, ‘Silver iodide
and ice I1I have dissimilar structure and spacing and silver
iodide will not nucleate ice III even in the P-T domain where
ice III1 is the stable phase, 1In a second tybé of experiment
(Yang, Simnad and Pound, 1954) the sticking coefficient dropped

from unity to about 0,65 &s the lattice spacing mismafch in=-
creased from 0 to 15% for cubic crystals,

These phenomena indicate the necessity of detailed anal~
ysis of partible formation., It is not as simple as saying
material condenses, An extensive body of theoretical and ex-~
perimental data‘exists which must be incorporated into a theory
of interstellar grain formation, Much ﬁore experimental work

is neceded particularly for conditions appropriate to astrophysics.



In concluding I want to emphasize, firstly, that what
i presented here is a way to proceecd and some tentative con-
‘clusions. Secondly, a study of interstellar grain formation
‘can now be carried out which is on a sounderr basis than was
possiblo in the period 1940 -~ 1950, It is necessary however
to do this in successive stages., This paper discussed the
_ndbleation process iﬁ some detail and more briefly, the crystal
growth process., Some attention was also given to the role of
chemical reactions, Further analysis of the origin and struc-
ture of interstellar grains continuing a program outlined in

1953 (Donn, 1953) wili be carried out in succeeding papers,
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